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Abstract
With the decline of Chinook salmon (Oncorhynchus tshawytscha) and steelhead (O. mykiss), habitat restoration actions in freshwater tributaries have been implemented to improve conditions for juveniles. Typically, physical (for example, hydrologic and engineering) based models are used to design restoration alternatives with the assumption that biological responses will be improved with changes to the physical habitat. Biological models rarely are used. Here, we describe simulations of a food web model, the Aquatic Trophic Productivity (ATP) model, to aid in the design of a restoration project in the Methow River, north-central Washington. The ATP model mechanistically links environmental conditions of the stream to the dynamics of river food webs, and can be used to simulate how alternative river restoration designs influence the potential for river reaches to sustain fish production. Four restoration design alternatives were identified that encompassed varying levels of side channel and floodplain reconnection and large wood addition. Our model simulations suggest that design alternatives focused on reconnecting side channels and the adjacent floodplain may provide the greatest increase in fish capacity. These results were robust to a range of discharge and thermal regimes that naturally occur in the Methow River. Our results suggest that biological models, such as the ATP model, can be used during the restoration planning phase to increase the effectiveness of restoration actions. Moreover, the use of multiple modeling efforts, both physical and biological, when evaluating restoration design alternatives provides a better understanding of the potential outcome of restoration actions.
Introduction
In the Columbia River Basin of the Northwestern U.S., Pacific salmon (Oncorhynchus spp.) and steelhead (O. mykiss) have declined to less than 10 percent of their historical population (Nehlsen and others, 1991) . Links to the decline of salmon populations include, but are not limited, to landscape changes (for example, grazing, mining, logging, road construction, agriculture, and residential development), hydropower development, hatchery practices, and nonnative species (Independent Scientific Advisory Board, 2013) . In an attempt to reverse the decline, multiple restoration actions have occurred in freshwater tributaries. Many of these restoration actions focus on modifying channel structure (for example, large wood additions, side channel reconnection) to increase and (or) improve habitat for fish.
Traditional approaches for designing restoration alternatives have relied heavily on outputs of hydraulic and other geomorphic-based models (Harris and Heathwaite, 2011) , with the assumption that changes in physical habitat will benefit population level dynamics such as reproduction, juvenile survival, or migratory cues of the target fish (Wipfli and Baxter, 2010) . However, the effect of river restoration on salmon and steelhead populations has been inconsistent (Independent Scientific Advisory Board, 2013 ). This may not be surprising given that most restoration practices not only affect these target fish, but also all the other organisms that interact with these fish, including competitors, predators and prey. Juvenile salmon and steelhead can be strongly influenced by food web interactions, such as food availability (for example, Richardson, 1993; Kiffney and others, 2014) , competition for shared food resources (for example, Bellmore and others 2013), and predation by organisms that occupy higher trophic positions (for example, Fresh, 1997; Yard and others, 2011) . Explicit treatment of biological processes in the models that inform restoration design is needed (Palmer and others, 2005; Naiman and others, 2012; Roni and Beechie, 2013) , and may improve the chances of reaching desired outcomes of restoration projects.
We developed a food-web model that can be used to evaluate a suite of management applications, including habitat restoration (Benjamin and Bellmore, 2016; Bellmore and others, 2017) . Our food web model, called the Aquatic Trophic Productivity (ATP) model, mechanistically links environmental conditions of the stream and adjacent riparian zone to the dynamics of river food webs. The model can be used to simulate how changes to environmental conditions associated with alternative river restoration designs influence the potential for river reaches to sustain fish production through changes to the food web within which these organisms participate. This model previously has been used to evaluate food web and fish responses to a variety of different restoration treatments in the Methow River in north-central Washington (Benjamin and Bellmore, 2016; Bellmore and others, 2017) . These previous analyses illustrated that ATP model simulations are realistic and closely match the value of available empirical data (Bellmore and others, 2017) .
The purpose of this report is to describe simulations from the ATP model that helped inform the initial stages of restoration design in a 1-km reach (termed the Barkley Bear segment) of the Methow River (Bureau of Reclamation, 2016) . The target of this restoration action-and most other river restoration actions in the Methow River watershed-is the recovery of ESA-listed spring Chinook salmon (O. tshawytscha) and steelhead. Although the ATP model has been applied previously in the Methow River to examine potential fish responses to restoration, this was the first opportunity for the ATP model to be used during the restoration design process. All design alternatives were focused on changing the physical habitat by reconnecting the main stem to floodplain habitat (that is, reconnecting or creating new side channels) and building complexity (that is, large wood aggregates). Additional models used to help inform the restoration design included a two-dimensional hydraulic model (Lai, 2010 ) and a spatially explicit habitat suitability index (HSI) model (Dombroski and others, 2012) . The Methow Salmon Recovery Foundation, Upper Columbia Salmon Recovery Board, Bureau of Reclamation, Bonneville Power Administration, Anchor QEA, and the U.S. Geological Survey (USGS) collaborated to develop and evaluate restoration design alternatives.
Methods
Study Area
The The Barkley Bear segment is located at rkm 50 of the Methow River, which is a relatively unconfined river-floodplain segment ( fig. 1) . Much of the surface of the floodplain in the middle section of the Methow River, including the Barkley Bear segment, has been developed for agricultural and residential use, resulting in deforestation and disconnection of the river from adjacent floodplain habitat because of diking (Bureau of Reclamation, 2010). The Barkley Bear segment is surrounded by private land on both river banks, and includes (1) a short side channel, (2) the confluence with Bear Creek, and (3) the diversion inlet to Barkley Canal (hereinafter "canal"). Bear Creek is a highly channelized, first-order stream with minimal flow (<0.05 m 3 /s base flow) owing to upstream water diversions, which are outside the restoration project area. The canal diverts about 0.3-0.6 m 3 /s from the main-stem Methow River between May and October for agricultural irrigation (Ely, 2003) . To maintain the Barkley canal, a seasonal push-up dam was constructed by bulldozing sediment from the canal to the main stem, upstream of the inlet. In 2013, the building of the push-up dam was stopped because this level of disturbance raised concern for listed fish species, as well as other aquatic organisms. Moreover, juvenile Chinook salmon and steelhead used the canal as rearing habitat and often suffered increased mortality from stranding during dewatering. In 2016, a process began to abandon the canal intake. With landowner cooperation, the river reach was identified as a high priority site for restoration to improve rearing habitat for spring Chinook salmon and steelhead. 
Model Description
The ATP model has been described in detail, including a comprehensive list of parameters, sensitivity analyses, and coding (Benjamin and Bellmore, 2016; Bellmore and others, 2017) . A general overview with points pertinent to the evaluation of the initial Barkley Bear restoration design alternatives is provided herein.
The ATP model is a dynamic food-web simulation tool, whereby the capacity of stream and river ecosystems to sustain fish is linked explicitly to transfers of organic matter between different components of a simplified river food web ( fig. 2) . The model mechanistically links the dynamics of the food-web and the resultant performance of different web members to (1) the physical and hydraulic conditions of the stream, and (2) the structure and composition of the adjacent riparian zone. The modeling framework assumes that the general dynamics of river food webs can be predicted if the dynamics of these two environmental factors are known (Power and Dietrich, 2002) . Following this assumption, the model can be used to examine how environmental changes resulting from restoration might affect the overall dynamics of the food web and the performance of specific web members.
The food web component of the model contains four biomass stocks or state variables: 1. Periphyton, 2. Terrestrially derived organic matter (that is, leaf litter), 3. Aquatic invertebrates, and 4. Fish ( fig. 2 ). In the model, periphyton and terrestrial detritus are consumed by aquatic invertebrates, and aquatic invertebrates are consumed by fish (target and non-target stocks). The fish stock includes a "target" fish stock that represents juvenile Chinook salmon and steelhead, and a "non-target" fish stock that represents the rest of the fish in the community (for example, whitefish, sculpin, bull trout, cutthroat trout, rainbow trout, and longnose dace). Based on previous research, we assumed that the non-target fish stock both competes with and preys upon the target fish stock (Bellmore and others, 2013; Benjamin and others, 2014; Martens and Connolly, 2014) . However, we assumed that large predatory fish would not be present in the side channel or canal (see fig. 1 ), and that the canal would serve as a refuge from competition for the target fish stock (that is, non-target fish were not present). The dynamics of each stock are governed by a series of mass balance equations (see Bellmore and others, 2017) . Biomass increases if the processes that contribute to biomass gains (for example, consumption and energy assimilation, upstream/lateral inputs, and production) outweigh the processes that contribute to biomass losses (for example, predation, downstream export, and respiration). Energy and materials that enter the modeled reach from external locations include:
1. Light, which provides the energy for photosynthesis; 2. Nutrients and organic material from upstream reaches, which provide resources necessary for periphyton production; and 3. Lateral inputs from the riparian zone, which provide detrital organic matter (leaf litter) and direct food resources (terrestrial invertebrates) for fish.
Freshwater food web
Exogenous energy resources
Riparian vegetation conditions
In-stream physical habitat conditions The environmental conditions of the reach drive the dynamics represented in the food web. For example, temperature strongly affects the bioenergetics of organisms (that is, consumption and respiration rates) and decay rates of organic matter. Channel discharge and hydraulics directly influence channel width, water depth, velocity, and shear stress, which in turn, influence the amount of light reaching the streambed to fuel photosynthesis, the amount of wetted area available for biological productivity to occur, the capacity of the river reach to retain organic matter and organisms, and the amount of habitat that is suitable for fish (HSI; Raleigh and others, 1986) . Incoming light and shading determine how much photosynthetically active radiation is available to fuel periphyton production. Water turbidity, in conjunction with water depth, determines how much of this light is attenuated before it reaches the streambed. The amount and cover of riparian vegetation influences the flux of terrestrial leaf litter and invertebrates to the stream, and the proportion of the stream that is shaded.
Restoration Design Process and Alternatives
The refinement of restoration alternatives was an iterative process, involving frequent meetings of stakeholders over the course of design initiation and revision. Stakeholders (also known as the design team) who participated included individuals representing the Methow Salmon Recovery Foundation, Upper Columbia Salmon Recovery Board, Bureau of Reclamation, Bonneville Power Administration, Anchor QEA, and USGS. Stakeholders identified the designs to evaluate based on identified logistics and constraints that were set with public input. For example, access to private land and the willingness of the landowner to allow restoration to occur needed to be considered, as well as safe passage through the river for boaters. Our approach to address the needs of the restoration design alternatives was more within the framework of decision support (Gregory and others, 2012) than one of active participation in the design process.
The fundamental objective of the design alternatives was to decommission the canal infrastructure in a way that increases and improves habitat available for various life stages of juvenile Chinook salmon and steelhead. Means to achieve this objective included reconnecting or constructing side channels, reactivating floodplain dynamics, and increasing channel complexity (for example, hydraulic structures such as large wood complexes). Four design alternatives were selected by the stakeholders (fig. 3 ). The designs encompassed significant variation in the level of channel manipulation. Alternatives for reconnecting Bear Creek were included in the restoration designs, but were not evaluated with the ATP model because empirical and hydraulic modeling data were not available to uniquely parameterize each alternative. Regardless of this, Bear Creek has relatively little flow, and its confluence with the main stem was designed to occur near the bottom of the downstream treated main-stem reach, which would likely have little influence on the outcome of the ATP model results. We identify components of the restoration alternatives that are applicable to the ATP model simulations and results as follows, albeit some components of each alternative were not evaluated with the ATP model and not included in the description: Alternative 1. Design alternative 1 was focused on the removal of anthropogenic structures that might compromise geomorphic processes. Key elements for this alternative included decommissioning the canal by filling and removing its infrastructure, redistributing large wood that was removed from the canal to the existing side channel and floodplain, and removing a levee and riprap in the downstream reach to reconnect the floodplain. The rationale for filling the canal was to prevent the stranding of juvenile fish, including Chinook salmon and steelhead, when water flow was stopped by closing the head gates.
Alternative 2. Design alternative 2 was focused on geomorphic processes that may provide long-term benefit to fish. Key elements of this alternative included those identified in alternative 1, with the exception of connecting the upper part of the canal to act as an additional side channel. In this alternative, a proportion of the flow from the main stem would enter the canal, and the canal would be connected directly to the main channel in the middle of the restoration reach. This would reduce the length of the canal to about one-half of the background conditions. The channel morphology and associated hydraulics of the canal would remain similar to background conditions; however, the head gate would be removed to allow perennial connectivity. Additionally, large engineered log jams would be placed in the upstream end of the side channel and the downstream treated reach, with the dual goals of directing flow and providing habitat for fish. Alternative 3. Design alternative 3 was focused on maximizing fish habitat through floodplain reconnection. In addition to most of the elements identified in alternative 2, this alternative approximately doubled the proportion of flow entering the side channel and canal. This would result in increased inundation and floodplain connectivity. Additional log jams were designed in the side channel to increase habitat and divert flow.
Alternative 4. Similar to alternative 3, the design focus of alternative 4 was to maximize fish habitat and promote floodplain evolution. Key elements of this alternative were similar to those of alternative 3, except that, instead of one long side channel developed from the canal, a network of side channels was designed through the canal reach. Additionally, more log jams were included to alter flow and promote creation of the side-channel network.
Parameterizing and Running the ATP Model
The environmental parameters that changed with the restoration alternatives that were modified within the ATP model included the following:
• The proportion of flow entering the side channel and canal;
• The wetted length of the canal (fig. 4 );
• Changes in width, depth, and HSI for fish as a function of discharge (figs. 5-7); and • Channel slope (table 1) . For HSI, we used curves created for juvenile Chinook salmon (Raleigh and others, 1986) . We summarized information from two-dimensional hydraulic models (Bureau of Reclamation, 2010 Reclamation, , 2012 to create graphical functions of the relationship of discharge to wetted width, average water depth and HSI within each reach of the Barkley Bear segment (see Benjamin and Bellmore, 2016; Bellmore and others, 2017 for more information).
We assumed that the temporally dynamic values of most environmental inputs used in the ATP model were identical among reaches (for example, water temperature, nutrient concentrations, and turbidity; fig. 8 ; table 2). Values used were collected from the Methow River within or in close proximity to the Barkley Bear segment during previous monitoring and modeling efforts (Benjamin and Bellmore, 2016) . However, Surveys for three parameters were collected specifically for the Barkley Bear restoration design simulations. First, riparian vegetation coverage was estimated by analyzing aerial site photographs. The amount and composition of riparian vegetation was converted into estimates of leaf litter inputs using published relationships between tree diameter and foliage biomass (Jenkins and others, 2004) . Second, stream shading was calculated from Solar-Pathfinder™ surveys. Third, substrate distributions were estimated from a Wolman pebble count.
Model results were focused on the difference in carrying capacity of juvenile Chinook salmon and steelhead, which were the target fish of the Barkley Bear restoration project. Specifically, we used modeled outputs to calculate the relative difference in fish biomass between background conditions (or no restoration action) and each restoration alternative. Additionally, we can make comparisons at the scale of individual reaches (that is, upstream or downstream treated main stem, side channel, canal; figs. 1, 3), which allows the relative contributions of each reach to be evaluated. Estimates of carrying capacity were in grams of ash-free dry mass (AFDM) per meter of stream length. All simulations ran for 3,650 days (10 years), starting on 1 January. Results are reported for the final 365 days of the model simulation, after the model had equilibrated to initial conditions, which took about 1,095 days (3 years). STELLA ® 10.1 (ISEE Systems, Lebanon, New Hampshire) was used to construct the model and run the simulations. Table 1 . Channel slope and length for each river restoration reach and restoration alternative of the Barkley Bear segment, Methow River, north-central Washington. 
Sensitivity Analysis
We conducted a 5000-simulation sensitivity analysis focused on uncertainty surrounding a subset of 30 model input parameters that were most influential in determining the biomass of fish, aquatic invertebrate, periphyton, and terrestrial detritus stocks based on previous analyses (Benjamin and Bellmore, 2016; Bellmore and others, 2017) . We used a Latin Hypercube Sampling design (McKay and others, 1979) , which allows for the entire range of each parameter to be evaluated.
The design team questioned how changes in discharge and temperature may the affect the carrying capacity of juvenile Chinook salmon and steelhead. Therefore, we conducted additional sensitivity analyses to address these questions. For annual fluctuations in discharge, we used hydrographs from several years that represent high (2011 and 2013), low (2012 and 2015) , and average flows obtained from the National Water Information System (https://waterdata.usgs.gov/nwis/rt; USGS gage 12448500 [Methow River at Winthrop, Washington]; fig. 9A ). Water temperature recorded the same year near the reach also was available ( fig. 9B ). We included a climate change projection scenario for year 2040 based on downscaled global circulation models for discharge (Voss and Mastin, 2012) and temperature (Caldwell and others, 2013) . The design team identified the additional hydrologic and thermal regimes used in model simulations. 
Results and Discussion
In the Barkley Bear segment, the ATP model showed that restoration design alternatives 3 and 4 had the greatest effect on fish carrying capacity. Both these alternatives resulted in a greater than 200-percent increase in the capacity of the Barkley Bear segment to support fish biomass ( fig. 10) . Alternatives 1 and 2, however, had minimal effect on the fish carrying capacity. Differences in modeled fish response across the four restoration alternatives primarily were influenced by changes in the carrying capacity of the canal, and secondarily, owing to changes in the side channel ( fig. 11) . Based on the model results, the optimal restoration design would include some aspect of reconnecting floodplain aquatic habitats through side channel enhancement and development. These results are consistent with previous ATP model simulations done in the middle Methow River section (Benjamin and Bellmore, 2016; Bellmore and others, 2017) . Additionally, these model findings are supported by empirical food web research that indicates that juvenile salmonids consume a larger proportion of available invertebrate prey production in side channels relative to the main channel, owing to the limited competition with non-target fish (mainly larger resident salmonids and sculpin; Bellmore and others, 2013) . Restoration design alternatives 3 and 4 were robust to changes to the discharge and thermal regimes ( fig. 12 ). These simulations suggest that at higher discharge and cooler temperatures, the Barkley Bear segment may be capable of sustaining a greater carrying capacity of fish owing to more flow entering the side channel and canal, which increases the amount of suitable habitat ( fig. 7) . Under climate projections for 2040 (Voss and Mastin, 2012; Caldwell and others, 2013) , the restoration design alternatives 3 and 4 increased the carrying capacity by an order of magnitude relative to alternatives 1 and 2. Caution should be used, however, when interpreting these modeled results, because future changes in discharge and temperature may alter the behavior and physiology of organisms, as well as the structure of freshwater community and associated food web (Benjamin and others, 2012; Woodward and others, 2012) . Additionally, microhabitats such as groundwater, which can provide spatial and temporal refuge from extreme conditions, are not considered in the ATP model. The ATP model was developed as a decision support tool to inform restoration and management actions prior to implementation. Although the model is useful for examining specific restoration alternatives, it may be better suited for examining broader actions before specific designs are identified. For example, the ATP model can be used to rank actions such as floodplain reconnection, habitat improvements, nutrient mitigation, and riparian planting (see Bellmore and others, 2017) . Similarly, the ATP model can be used to evaluate multiple actions across multiple segments within a watershed, an approach we are developing in the Methow River watershed. A graphical user interface page is being created where managers and researchers can enter site specific data to evaluate actions or conduct thought experiments.
These simulations were done to help inform the initial stages of design planning for the Barkley Bear restoration segment. Although most restoration assessment tools focus on the direct effects of alterations on target fish species, the ATP model links the success of target fishes to the broader food web and associated energy flows that support their production. That said, the best restoration predictions likely would occur through the use of multiple models, with different sets of assumptions and associated strengths and weaknesses. For instance, the ATP model was not constructed to directly evaluate the effects of fine-scale habitat manipulations (for example, installations of hydraulic features) on fishes. Understanding the effects of these fine-scale restoration actions may best be done with individual-based models that can link changes in channel hydraulics to habitat use, behavior and survival of fish others, 2005, 2014) . However, individual based models are typically limited to a single population of organisms, and generally do not consider broader ecological interactions, such as those incorporated in the ATP model. Thus, the use of multiple evaluation methods prior to implementing future restoration or management actions may yield the most accurate predictions of outcomes. Such a multifaceted approach may allow for the focus of limited resources on actions that result in desired management outcomes for targeted fish, as well as the broader ecosystem that supports these organisms.
